Reintroduction of game species and augmentation of declining populations were carried out in many areas of Europe during the last century. In some cases, such actions have threatened the diversity of remnant endemic taxa, thus raising concerns for their conservation. The Italian peninsula hosts relict populations of native roe deer, which include the subspecies Capreolus capreolus italicus. Recent genetic investigations and historical information suggest that roe deer populations in Italy have different origins (native, introduced, and admixed). Here, we conducted genetic analyses in 3 areas of central Italy (provinces of Arezzo, Pisa, and Parma), each characterized by subareas containing roe deer with different genetic ancestries and zones of contact among them. We analyzed mitochondrial (control region) and nuclear (microsatellites) data for a total of 304 individuals. In all 3 study areas, both marker systems revealed a decreasing frequency of the C. c. italicus lineage from south to north. We found the highest degree of admixture in contact zones, but local patterns varied on the basis of population history and landscape features. Notably, we found relatively high genetic differentiation between the extremes of each sampling area, despite the limited spatial scale studied and time elapsed since introductions. Further, our analyses of a population in the Apennine Mountains reveal that this region may maintain previously undetected native diversity. Finally, the correspondence between data from mitochondrial and nuclear genomes is consistent with the absence of sex-biased dispersal in roe deer. Further investigations are needed to elucidate which conditions may favor the persistence of native diversity.
In the last century, reintroduction and restocking activities for hunting or conservation purposes have affected several species in Europe, and game species in particular (Randi 2005; Barbanera et al. 2010; Linnel and Zachos 2011; Champagnon et al. 2012a; Apollonio et al. 2014) . Such anthropogenic modifications have led to considerable increase in the encounter rate between individuals that evolved in different geographical and ecological contexts. The consequence of such contact is often introgressive hybridization between native and exotic stocks, which may lead to loss of local variants (Allendorf et al. 2001) , genetic homogenization (Olden et al. 2004) , and ultimately, a decline in global biodiversity. Furthermore, admixture following the release of exotic conspecifics can lead to the spread of nonendemic diseases, but can also generate changes in morphological and behavioral traits of the native form, which may lead to meaningful ecological shifts (Leighton 2002; Ryan et al. 2009; Champagnon et al. 2010; Consuegra et al. 2011; Champagnon et al. 2012b ). Human-mediated hybridization can impact genetic variability of species via genetic mixing, causing the loss of locally adapted variants and even driving local populations to extinction (Rhymer and Simberloff 1996; Olden et al. 2004 ). However, hybridization can also confer fitness advantages to introgressed individuals (e.g., "hybrid vigor" due to heterosis- Keller and Taylor 2010) , thus favoring the recovery of declining populations. Furthermore, in some cases, the protection of these hybrids may represent the only way to preserve the genetic characteristics of native parental populations (Allendorf et al. 2004) .
The effects of translocation followed by intraspecific hybridization have been documented in several game species in Europe, such as wild boar Sus scrofa (Scandura et al. 2011) , red deer Cervus elaphus (Frantz et al. 2006; Haanes et al. 2013) , brown hare Lepus europaeus (Mamuris et al. 2001) , and some birds (common quail Coturnix coturnix -Chazara et al. 2010;  mallard Anas platyrhynchos -Champagnon et al. 2013) . As concerns large ungulates, although at a wide (continental) scale their phylogeography seems to have been mostly influenced by major demographic processes, like peri-glacial dynamics (roe deer- Randi et al. 2004; red deer-Skog et al. 2009; wild boar-Scandura et al. 2008; Vilaça et al. 2014) , at a local scale their genetic structure seems to be largely affected by more recent human manipulations. In particular, introductions of non-native stocks have jeopardized the original genetic structure of several deer species, like the red deer (Niedziałkowska et al. 2012; Höglund et al. 2013 ) which represents the most manipulated ungulate in the history of Europe (Apollonio et al. 2014) . These studies have stressed the importance of maintaining native genetic diversity and the need to investigate and monitor the effects of human-induced intraspecific hybridization to design management policies that limit the detrimental impact of hybridization on native populations (see also Laikre et al. 2010a) .
The roe deer (Capreolus capreolus) is the most widespread ungulate in Europe and has been strongly managed throughout its range (Apollonio et al. 2010 (Apollonio et al. , 2014 . As other game species, at the beginning of the last century, it had gone extinct in several regions of Europe, but subsequently has recovered almost everywhere (Apollonio et al. 2010) . Similar to the rest of Europe, in Italy, the disappearance of the roe deer began in the 16th century. Range and population sizes progressively declined, reaching a critical point at the beginning of the 20th century, when the species crashed in central-southern Italy and went extinct in Sicily. After World War II, relict populations of roe deer were only present in the central-eastern Alps in northern Italy, in the Casentinesi Forests, in Maremma and in the Castelporziano estate (near Rome) in central Italy, and in 2 areas of southern Italy, namely the Gargano and the Orsomarso massifs (Crudele 1988; Perco and Calò 1995) . The Castelporziano and the 2 southern populations were considered to be remnants of the endemic Italian subspecies (C. c. italicus, Festa, 1925) , characterized by both distinct morphology (Montanaro et al. 2003) and unique genetic variants at both mitochondrial and nuclear markers (Lorenzini et al. 2002; Vernesi et al. 2002; Randi et al. 2004; Gentile et al. 2009; Mucci et al. 2012) . Genetic signatures of the relict Italian subspecies were found in Maremma (Lorenzini et al. 2002) , but also in a wider portion of the central and northern Apennines (Randi et al. 2004) . Nonetheless, genetic analyses of areas occupied by the Italian subspecies revealed a mixture of individuals bearing italicus mitochondrial haplotypes as well as non-italicus lineages (Gentile et al. 2009 ). Due to the disappearance of roe deer in most of the Italian peninsula, reintroduction and restocking operations were necessary to restore the original range and sustain small remnant populations. Reintroductions were carried out mainly in the western Alps and in the Apennines, and involved stocks from central Europe and the Balkans, as well as from other areas in Italy (Lorenzini et al. 1993 (Lorenzini et al. , 1997 Randi et al. 1998; Lorenzini et al. 2002; Vernesi et al. 2002) . Such practices have unavoidably led to encounters between populations with different ancestries, especially in central Italy (Randi et al. 2004; Mucci et al. 2012) . The consequent introgression of exotic genes into the native gene pool of the Italian roe deer has raised concerns for the genetic integrity of this relict subspecies and further studies focusing on patterns of current admixture have been recommended (Gentile et al. 2009 ).
In the present study, we considered 3 areas of central Italy, where genetically distinct roe deer populations have come into contact in recent decades, and reciprocal introgression is expected to have occurred. Our objectives were: 1) to quantify the degree and spatial distribution of genetic admixture in each region and 2) to assess the relative abundance of native and non-native lineages in areas of recolonization. To meet our objectives, we analyzed a combination of biparentally (microsatellites) and uniparentally inherited (mitochondrial DNA [mtDNA] ) genetic markers in a sample of roe deer from the 3 areas.
Materials and Methods
Sampling design and study areas.-In order to assess the genetic structure of roe deer populations arising from the contact between divergent gene pools, we considered 3 study areas in central Italy, close to the northern border of the Italian subspecies' range: 1 in the province of Arezzo (AR), 1 in the province of Pisa (PI), and 1 straddling the provinces of Parma and Lucca (PR; Fig. 1 ). In each of these areas, we replicated the following sampling scheme: a subarea A expected to be occupied by C. c. italicus (native or introduced); a subarea C where exotic roe deer had been historically introduced; and an intermediate zone (subarea B) that encompassed the contact zone between the 2 aforementioned groups (see Table 1 ). Our subarea classifications were based on documented history of restocking and translocation events, including the approximate time and site of releases, as well as the number and origin of released individuals (see Table 1 and Supporting Information S1 for details). We obtained a total of 284 tissue samples from hunter-harvested roe deer (AR, n = 103; PI, n = 93; and PR, n = 88). In addition, we analyzed 20 samples from the northern Maremma (province of Grosseto [GR] ) to provide a reference from a previously recognized C. c. italicus population (Mucci et al. 2012) . To further describe our 9 subareas, we obtained environmental data from the Digital Terrain Model (Istituto Geografico Militare, Italy) and IV Level Corine Landcover at scale 1:50 000 (Heymann et al. 1994 ) and visualized them in ArcGIS v. 10 (ESRI 2011; Table 1) .
Mitochondrial DNA and microsatellite genotyping.-We stored tissue samples in absolute ethanol or frozen until DNA extraction. We isolated DNA using the Genelute kit (SigmaAldrich, St Louis, Missouri) following manufacturer's instructions. We obtained mitochondrial control region sequences for 252 samples, using 2 primers developed by Randi and colleagues (1998) : LcapPro (5′CGT CAG TCT CAC CAT CAA CCC CCA AAG C-3′) and HcapPhe (5′-GGG AGA CTC ATC TAG GCA TTT TCA GTG-3′). We performed reactions with the following amplification conditions: 35 cycles of 92°C for 1 min, 62°C for 1 min and 72°C for 1 min, followed by a final extension step at 72°C for 10 min. We purified PCR products by Exo/SAP digestion and directly sequenced the fragment of interest using the forward primer LcapPro and the BigDye Terminator kit version 3.1 (Applied Biosystems, 850 Lincoln Centre Drive, Foster City, California). Finally, we purified fragments with Sephadex G-50 and ran them in an ABI PRISM 3130xl Avant automatic sequencer (Applied Biosystems).
We genotyped all samples with a panel of 11 polymorphic autosomal microsatellites: Roe1, Roe6, Roe8, Roe9 (Fickel and Reinsch 2000) , NVRTH16, NVRTH21, NVRTH24 (Roed and Midthjell 1998) , ILSTS011 (Kemp et al. 1995) , OarFCB304 (Talbot et al. 1996) , BMC1009 (Kappes et al. 1997) , and RT1 (Wilson et al. 1997) . We amplified loci in 3 multiplex groups (multiplex A: Roe1, Roe8, Roe9; multiplex B: RT1, NVRTH21, BMC1009; multiplex C: Roe6, NVRTH16, ILSTS011) and 2 single PCRs (NVRTH24 and OarFCB304). PCR conditions are reported in Supporting Information S2. Fluorescently labeled PCR products were sized by BMR Genomics (Padua, Italy) using capillary electrophoresis on an ABI PRISM 3130xl Avant automatic sequencer (Applied Biosystems). Allele size was subsequently determined by visual inspection of electropherograms in Peak Scanner 1.0 software (Applied Biosystems).
Statistical analysis.-To check and edit the obtained mtDNA sequences, we imported electropherograms into FinchTV 1.4.0 (Geospiza 2006) . Subsequently, we created a multiple-sequence alignment using the function ClustalW in Mega 5.2.2 (Kumar et al. 2008 ) and added C. capreolus control region sequences downloaded from GenBank. We reduced the aligned sequences to obtain a matching fragment with a total length of 704 bp, using a technique by Randi et al. (2004) and Mucci et al. (2012) . In total, we obtained an alignment of 443 sequences, 191 downloaded from GenBank (including all published haplotypes of the same 704-bp region) and 252 obtained from this study. We identified unique haplotypes with Collapse 1.2 (Posada 2004 ) and checked whether they matched already published sequences in BLAST (Altschul et al. 1990) .
In order to identify haplotypes belonging to the previously identified italicus lineage (hereafter IT), we followed Randi et al. (2004) and Mucci et al. (2012) , who discriminated them by a nucleotide deletion at position 103 in the alignment, where all other European haplotypes show a thymine or cytosine. Accordingly, we calculated the frequency of italicus and non-italicus (hereafter EU) haplotypes in the 3 subareas of each province. We quantified levels of mitochondrial variation within areas by calculating haplotype (gene) and nucleotide diversity in Arlequin 3.5 (Excoffier and Lischer 2010) .
We built a median-joining (MJ) network of haplotypes (Bandelt et al. 1999) in Network 4.6 (Fluxus Technologies Ltd-see fluxus-engineering.com, Bandelt et al. 1999; Forster et al. 2001) , using equal weights for all mutations and setting the parameter ε to 0, in order to restrict the choice of feasible links in the final network. Because of the complexity of the interactions among haplotypes, in constructing the network, we used the "star contraction" option, which reduces large datasets by collapsing star-like clusters of haplotypes to only ancestral (Belkhir et al. 2001 ) to calculate observed heterozygosity (H o ), expected heterozygosity (H e ), mean number of alleles per locus (k), and the inbreeding coefficient (F IS ), testing its significance by permutations. We accounted for different sample sizes by calculating allelic richness (k R ) using the rarefaction method implemented in HP-Rare (Kalinowski 2005) . We performed these analyses for the complete dataset and for all areas and subareas (A, B, and C) separately. We assessed deviations from Hardy-Weinberg equilibrium (HWE) and from linkage equilibrium (LE) in Genepop 4 (Raymond and Rousset 1995) . Tests for HWE employed the Markov chain method proposed by Guo and Thompson (1992) , with the following chain parameters: 10,000 dememorizations, 100 batches, and 20,000 iterations. We lowered significance levels, accounting for the number of multiple tests by the sequential Bonferroni procedure (Rice 1989) .
We assessed genetic differentiation across samples by factorial correspondence analysis (FCA) in Genetix (Belkhir et al. 2001) . This procedure provides a method to examine similarities among samples without making a priori assumptions of group membership. We performed the FCA on data from the 3 areas together and the reference sample from GR. Furthermore, to evaluate levels of genetic differentiation between and within each study area, we calculated pairwise F ST in Genetix and tested them for significance by permutations.
We further investigated genetic structure within each population by using the individual-based approach implemented in Structure 2.3 (Pritchard et al. 2000) . The algorithm uses Bayesian clustering to identify the most likely number of genetic clusters within the dataset and calculates each individual's proportional membership to each inferred genetic cluster. For the overall data set, we implemented 10 independent Monte Carlo Markov Chain simulations for putative populations (K) ranging between 1 and 15, using the following settings: admixture model, no population information, correlated allele frequencies, 200,000 burn-in, and 200,000 iterations of data collection. We then used the ΔK approach developed by Evanno et al. (2005) to identify the best clustering solution.
To specifically explore the expected history of these regions where in the spatial extreme of each study area contains divergent gene pools with admixture in the central subarea, we ran Structure 2.3 (Pritchard et al. 2000) with data from each region separately using the same settings as above, but fixing the number of putative clusters to K = 2. On the basis of individual membership (Q) to either cluster, we identified the spatial distribution of relatively pure and admixed individuals across each region.
Results
Thirty-five different mtDNA haplotypes (704 bp) were present in our sample, 23 of which did not match any published haplotype. Based on the indel at position 103 (Supporting Information S3), we identified 14 IT haplotypes (11 novel, GenBank accession codes KM873748-KM873758; Supporting Information S4) carried by 115 individuals (46% of the total sample), whereas 137 roe deer had 1 of the 21 different EU sequences (12 novel, GenBank accession codes KM873736-KM873747; Supporting Information S4) belonging to the Central and East clades (18 and 3 haplotypes, respectively; Supporting Information S4). The MJ network confirmed the partition into 3 major clades (Central, West, and East), but barely resolved divergence within the Central clade (Fig. 2 and Supporting Information S5) . In any case, the group of IT sequences clustered into a single subclade, diverging from the main clade by the diagnostic deletion at position 103 and an additional (non-exclusive) mutation at position 204 (Fig. 2) .
The most common IT haplotype was H15 (n = 76), previously found in various areas of central Italy (Randi et al. 2004; Gentile et al. 2009 ) and widespread in our 3 study areas and in GR (Supporting Information S4). Noticeably, none of the sampled individuals showed haplotypes previously found in the remnant isolated populations of Castelporziano, Gargano, and Orsomarso. EU haplotypes were mostly represented by H13 (n = 55) and H18 (n = 29), previously detected in populations of the Italian Alps and Apennines and belonging to the Central clade (Supporting Information S5). All detected EU haplotypes belonged to the Central clade, with the exception of 3 sequences falling in the East clade (H16, H23, and B12) and detected in PR and PI-C. While the former is widespread in Europe, the East clade characterizes roe deer populations inhabiting the Balkans, but it occurs also in eastern and central Europe, and in northern Italy (Randi et al. 2004 ). Due to their known geographic distribution, East clade haplotypes, as well as 2 EU-Central-clade haplotypes (H41 and H48), are likely to represent exotic mitochondrial sequences.
As expected, the GR population hosted primarily italicus mtDNA haplotypes (89%). Among the study areas, the highest overall frequency of IT-mtDNA was in PR (54%), followed by PI (51%) and AR (20%). The AR area hosted a very low diversity among italicus haplotypes with only 2 different IT haplotypes, in contrast with the 7 in PI and 8 in PR. The frequency of IT haplotypes decreased moving from A to C in all 3 study areas, reflecting the occurrence of 2 different lineages at the extreme subareas and thus confirming historical information (Table 1) . Within subareas, we observed the highest percentage of EU haplotypes in AR-C (94%), while the highest percentage of IT haplotypes was in PI-A (79.4%). It must be noted, however, that, on the basis of their known geographic distribution, no haplotype in AR-C could be easily associated with an introduction event. As concerns the contact zones, IT-mtDNA was found in almost half of the individuals in PR-B (50%) and PI-B (41%), while in AR-B it was found in only 24% of individuals.
Values of haplotype and nucleotide diversity within study areas (Table 2) showed higher variation in PI and PR, where maximum values were observed in subarea C; in contrast, relatively low diversity was found in AR, where the values of π and h peaked in subarea A.
The proportion of missing data in the complete microsatellite dataset was 3.9% (0.6% in AR, 3.3% in PR, and 7.3% in PI). We found a total of 108 different alleles (5-14 alleles per locus, k = 9.82). Average observed heterozygosity (H o = 0.597) was lower than expected heterozygosity (H e = 0.701) both overall and in each of the 3 study areas (Table 2) , where F IS was highly significant in 2 subareas B out of 3 (AR-B and PI-B) but not in subareas A and C. The largest allelic variation, accounting for sample size, was observed in PR (k R = 5.57), while, within each area, this value was highest in the subarea B (Table 2) . According to values of heterozygosity, we detected deviations from HW expectations (P < 0.01), due to an excess of homozygotes at 5 loci in PI, and at one locus, respectively, in AR and PR. Similarly, departures from LE were obtained at 18/55 pairs of microsatellites in PI, 2/55 pairs in AR, and 1/55 pairs in PR. As no single pair of loci was in disequilibrium in all 3 areas, we excluded cases of physical linkage between loci. Because of the nature of our sampling design (i.e., selection of sampling areas where different gene pools were expected to be present), we associated such lack of equilibrium to a Wahlund effect, supporting ongoing genetic admixture in the study areas.
Pairwise F ST values calculated among areas, including the reference GR population, revealed a high level of differentiation between all pairs (F ST = 0.086-0.144), except PI-GR (F ST = 0.031). Pairwise F ST calculated within areas ranged between 0.002 (AR-A -AR-B) and 0.105 (PI-A -PI-C), and highlighted a major and significant divergence between A and C in every area and the intermediate nature of subareas B (Table 3) . Such patterns of genetic differentiation were consistent with those shown by FCA and Bayesian cluster analysis.
The FCA of the entire dataset produced 3 clusters of genotypes corresponding to the 3 study areas (Fig. 3) . GR individuals clustered with the contiguous PI population, while the closest genotypes to this group were sampled in subareas AR-A and PR-A.
Bayesian cluster analysis on the global dataset revealed a most likely partition at K = 3 and a local maximum at K = 7 (Supporting Information S6). At K = 3, the clustering resulted in a sharp genetic differentiation among the 3 areas (Fig. 4a) , with the GR sample sharing the main inferred cluster observed in PI (in agreement with F ST and FCA). At K = 7, the genetic structure within each of the 3 areas emerged. In each of them, 2 different components were distinguishable, 1 prevailing in Table 2 .-Genetic diversity in roe deer (Capreolus capreolus) from 3 study areas of central Italy (Arezzo, AR; Pisa, PI; Parma, PR), and a reference area (Grosseto, GR), based on analysis of the mitochondrial control region and 11 microsatellite loci. Each area is partitioned into 3 subareas (A, B, and C; see description in the text). n = sample size; π = nucleotide diversity; h = haplotype diversity; H e = expected heterozygosity; H o = observed heterozygosity; k = mean number of alleles per locus; k R = allelic richness (rarefaction at 30 genes); F IS = inbreeding coefficient. subarea A and the other in subarea C (in PI-C, it was a combination of 2 clusters), with some mixing in the intermediate subarea (Fig. 4b) . The most homogeneous groups of individuals appeared in subareas C in AR and PR, and subarea A in PI. The comparison of results at K = 2 revealed an opposite assignment between subareas A and C within each area (Fig. 5) , thus confirming the genetic polarity we had assumed in the sampling scheme and suggesting an intuitive association with the frequency of the 2 above mentioned groups of mtDNA haplotypes (Table 1) . For a relative comparison, in order to consistently categorize individuals on the basis of their membership to the 2 inferred clusters within each area, we computed the proportion of individuals having more than 75% membership (Q ≥ 0.75) to one of the alternative clusters and the proportion of admixed individuals (Q < 0.75 to both clusters). Between 64% and 72% of individuals in the 3 subareas A were assigned with Q ≥ 0.75 to cluster I (hereafter named IT cluster), while a percentage ranging between 30% and 100% of roe deer in the C subareas were assigned in the same way to the alternative cluster II (Table 4) . No roe deer in the C subareas were assigned to the IT cluster at the considered threshold. As regards the contact zones, while PI-B and PR-B were mostly represented by admixed individuals (83% and 64%, respectively), AR-B appeared as a mix of individuals with different ancestry (90% of individuals showing Q I/II ≥ 0.75, one-half of which assigned to the IT cluster; Table 4 ), suggesting limited hybridization. Moreover, in AR-C, all individuals were assigned to cluster II. Noticeably, average assignment proportions to the native cluster (Q IT ) in the 9 subareas correlated with the frequency of IT-mtDNA haplotypes (arcsine-transformation, R 2 = 0.567, P = 0.019; Supporting Information S7).
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Discussion
In the present study, we assessed the genetic composition of roe deer populations inhabiting 3 areas of central Italy: 2 of them (PI and AR) were located at the northern border of the reported range of the subspecies C. c. italicus, while the 3rd (PR) lies further north and was affected by the introduction of italicus roe deer from a more southern population. In each study area, historical records suggested that a deme belonging to the italicus lineage (from relict populations or reintroductions) came into contact with populations with non-native ancestry.
Our results are largely consistent with the historical record, suggesting maintained genetic divergence between native and non-native stock even after decades of admixture opportunity. As expected, in all 3 areas, we found a clear genetic gradient from relatively high frequency of IT mitochondrial haplotypes in the south (subareas A) to low frequencies in the north (subareas C). Similarly, at nuclear markers, the genetic cluster which was dominant in subareas A gradually declined in frequency in subareas B and C. Also, within each area, the highest allelic richness was observed in the intermediate subarea, while in 2 of them the proportion of admixed genomes was higher than in the respective subareas A and C; the exception being in AR, where the overall proportion of admixed individuals was unexpectedly low (9.7%). Not surprisingly, we detected the highest frequency (95%) and diversity of IT haplotypes in PI-A, an area contiguous with northern Maremma where roe deer never became extinct (Ghigi 1917 ). Yet, the combined results of mtDNA and microsatellite data suggest that PI-A represents an important (and so far unappreciated) center of native C. c. italicus. This is consistent with observed frequencies of IT haplotypes in our reference sample (GR, 89%), taken 10 km south of PI-A, and with documented diversity in nearby areas to the east (province of Siena-Mucci et al. 2012) . Nonetheless, possible genetic contamination due to exotic releases in neighboring areas may explain the partially admixed nature of the GR population. We also detected a high frequency of IT-mtDNA in PR-A, where roe deer were translocated from Maremma in the late 1960s. Our data support the success of this introduction, realized with a limited number of individuals (16) but sustained by further translocations to promote their spread in the area ((Elena Perilli, Corpo Forestale dello Stato, Lucca, Italy, 8 April 2010) .). Nonetheless, the presence of a haplotype (H16) belonging to the East Clade in PR-A is likely the legacy of additional releases of exotic roe deer (e.g., imported captive animals from eastern Alps) in this area and may have caused local admixture of divergent gene pools. A rather dissimilar situation was present in the AR province. Despite the existence of 2 distinct gene pools, AR-A showed a low frequency of IT haplotypes and low mitochondrial diversity, suggesting recent colonization by non-native stock from nearby areas in the south-west. In the opposite subarea (AR-C), only one roe deer exhibited an IT haplotype. The high frequency of haplotypes belonging to the Central clade (non-italicus) agrees with previous data for the province of AR (Lorenzini et al. 1993 (Lorenzini et al. , 2002 Vernesi et al. 2002; Randi et al. 2004; Gentile et al. 2009 ). Though the presence of non-italicus haplotypes may be due to past releases of exotic individuals, the actual origin of this roe deer population is not clear. Lorenzini and colleagues (2002) found relationships with alpine populations, but the 2 most frequent haplotypes (H12 and H13) we observed had been previously recorded both in northern and central Italy (Randi et al. 2004; Gentile et al. 2009 ) but not in other European populations. Therefore, both an alpine origin through restocking or the occurrence of a 2nd native ("northern Apennine") lineage, differing from C. c. italicus, are plausible explanations and should be further investigated in a more comprehensive phylogeographic framework. The low levels of genetic variation, especially at mtDNA, that we have found in AR-C is consistent with the hypothesis of the recovery of a native stock in this portion of the Apennines (like historical information would suggest), which would have been minimally affected by translocations.
Although full genetic homogenization was not observed in any of the 3 areas, high levels of genetic admixture were present in contact zones PI-B and PR-B. The primary source of these B-area genomes seems to derive from areas PI-C and PR-C, respectively, thus suggesting a spatial expansion of exotic alleles. The spatial expansion of both exotic and native alleles may be influenced by landscape features. For example, the limited admixture observed in AR could, in part, be due to landscape discontinuity across subarea B. The presence of the Arno river, along with the A1 highway and other human infrastructures, could limit roe deer dispersal, preventing the spread of IT genotypes northwards (see Fig. 1 ). In fact, in AR-B, the frequency of genotypes ascribed to the IT cluster is more than 2-fold higher south of the Arno River than north of it (69% versus 29%, respectively). The barrier-effect of the Arno River was proposed by Vernesi et al. (2002) as an explanation for limited admixture between divergent gene pools in central Italy. This hypothesis was questioned when new evidence of admixture was found south of the river (Gentile et al. 2009; Mucci et al. 2012) . Further investigations are needed to understand the effect of natural barriers and anthropogenic infrastructure on gene flow and consequent admixture patterns.
Noticeably, the present study revealed an unexpectedly high number of new mtDNA sequences (23 out of 35), which are likely to represent in most part native diversity. This is rather surprising if we consider that roe deer are a very common and well-studied species, and it is particularly important under a conservation perspective, confirming the role of the Italian peninsula as reservoir of biodiversity (Zachos and Habel 2011) .
Finally, we found a high level of consistency in population genetic structure revealed by mitochondrial and nuclear markers. Such consistency is rather uncommon in mammals (Lawson Handley and Perrin 2007) because of the male-biased dispersal that characterizes most systems (Greenwood 1980 ), which mediates gene flow of nuclear but not mitochondrial alleles. As such, our data are in full agreement with recent studies pointing to a lack of sex bias in roe deer dispersal (Coulon et al. 2006; Gaillard et al. 2008; Bonnot et al. 2010; Debeffe et al. 2012) . In summary, our study reveals heterogeneous genetic structure across roe deer populations of central Italy, mainly due to replicated and extremely localized historic relocations and introductions. Such operations created a mosaic of remnant native and exotic gene pools on the landscape that have subsequently expanded, and in some cases, admixed. The relative success and expansion of these remnant native and exotic gene pools has likely been determined by several factors, including time of introduction, number of released individuals, as well as the habitat and landscape matrix (including relevant natural and artificial barriers). Although bottlenecks are usually associated with introductions, leading to low variability in newly established populations (Keller et al. 2012) , subsequent contact with native populations can increase genetic diversity in admixed populations and generate the genetic disequilibria we observed in our study areas. Furthermore, the genetic distinction, we discovered among populations with different ancestries may also be reflected in morphological and behavioral traits, which we did not consider in the present study. Future studies should aim to identify important ecological correlates of the genetic patterns we have identified here, including body size, antler size, space use, and rutting period. For example, different habitat preferences or breeding periods could limit the potential for admixture among stocks with different ancestries. However, when admixture does occur, introgression of exotic alleles into indigenous gene pools could cause disruptions of locally adapted traits, threatening the viability of populations (Laikre et al. 2010b) . Such integrated genetic and ecological studies would have great relevance to the conservation of native roe deer populations as well as to our general understanding of the evolutionary consequences of translocations.
